Glucosidase II (Glc'ase II) is a glycan-processing enzyme that trims two ␣1,3-linked Glc residues in succession from the glycoprotein oligosaccharide Glc2Man9GlcNAc2 to give Glc1Man9GlcNAc2 and Man9GlcNAc2 in the endoplasmic reticulum (ER). Monoglucosylated glycans, such as Glc1-Man9GlcNAc2, generated by this process play a key role in glycoprotein quality control in the ER, because they are primary ligands for the lectin chaperones calnexin (CNX) and calreticulin (CRT). A precise analysis of the substrate specificity of Glc'ase II is expected to further our understanding of the molecular basis to glycoprotein quality control, because Glc'ase II potentially competes with CNX/CRT for the same glycans, Glc1Man7-9GlcNAc2. In this study, a quantitative analysis of the specificity of Glc'ase II using a series of structurally defined synthetic glycans was carried out. In the presence of CRT, Glc'ase II-mediated trimming from Glc2Man9GlcNAc2 stopped at Glc1Man9GlcNAc2, supporting the notion that the glycan structure delivered to the CNX/CRT cycle is Glc1Man9GlcNAc2. Unexpectedly, our experiments showed that Glc1Man8(B)GlcNAc2 had nearly the same reactivity as Glc1Man9GlcNAc2, which was markedly greater than that of its positional isomer Glc1Man8(C)GlcNAc2. An analysis with glycoprotein-like probes revealed the stepwise formation of Glc1Man9GlcNAc2 and Man9GlcNAc2 from Glc2-Man9GlcNAc2, even in the presence of CRT. It was also shown that Glc1Man8(B)GlcNAc2 had even greater reactivity than Glc1Man9GlcNAc2 at the glycoprotein level. Moreover, inhibitory activities by nonglucosylated glycans suggested that Glc'ase II recognized the C arm (Man␣1,2Man␣1,6Man-) of high mannose-type glycans.
Most of the newly generated polypeptides delivered to the endoplasmic reticulum (ER) 2 lumen are N-glycosylated at the asparagine residue of the sequence Asn-Xaa-Ser/Thr with a high mannose-type tetradecasaccharide, Glc3Man9GlcNAc2 (1) . These glycoproteins are processed sequentially by glucosidase I (Glc'ase I), Glc'ase II, mannosidase I, mannosidase II, and UDP-glucose:glycoprotein glucosyltransferase (UGGT) to give diverse high mannose-type glycoforms (2) (Fig. 1 ). In particular, the monoglucosylated glycan G1M9 serves as an important signal to modulate glycoprotein folding (3) (4) (5) by virtue of its specific binding to the lectin chaperones calnexin (CNX) (6) and calreticulin (CRT) (7) . Glc'ase II recognizes G2M9 as the initial substrate, and removes Glc residues in succession to generate G1M9 and M9 (8) . It plays a key role in controlling the entering and exiting of glycoproteins during the folding process. The enzyme consists of two tightly associated subunits, ␣ and ␤ (9). The ␣-subunit has a catalytic domain (10) , whereas the ␤-subunit seems to contain a lectin domain that is homologous with mannose 6-phosphate receptor (11) , suggesting an affinity for high mannose-type glycans (12, 13) . In fact, it was reported that the enzymatic activity for the second cleavage depends on the structure of the branched oligomannose fragment (B and C arm) (14) .
The only published study in this area was conducted back in 1980 by Grinna and Robbins (14) , who investigated in detail the specificity of Glc'ase II using glycans obtained by endoglycosidase H digestion; [ H]Glc1-3Man5 ϳ 8GlcNAc1, using Jack bean ␣-mannosidase. This pioneering work, however, has several limitations. First, the GlcNAc residue at the reducing end was defective in these substrates. Because certain glycan-processing enzymes and lectins, such as UGGT (15, 16) and ubiquitin-ligase Fbs1 (17, 18) , have since been found to recognize the reducing end GlcNAc of high mannose-type glycoproteins, it is desirable to analyze Glc'ase II with substrates that preserve an intact reducing end. Second, the reactivity of Glc'ase II was evaluated with mixtures of glycan structure isomers obtained by size fraction-ation chromatography, and the relative reactivity of G1M8B in comparison with that of G1M9 or G1M8C could not be addressed. This issue is of particular interest, because one of the deglucosylated products, M8B, is a putative ligand of EDEM (ER-associated degradation enhancing mannosidase-like protein) (19, 20) , Htm1p/Mnl1p (21, 22) , and Yos9 (23) (24) (25) , which are related to ER-associated degradation. In addition, it has not been possible to define the kinetic properties of Glc'ase II (i.e. K m and V max values) precisely. Because other ER-residing proteins compete for the same or similar glycans, a precise estimate of the relative reactivity of high mannose-type glycans is of importance.
In this paper, we report a quantitative analysis of Glc'ase II conducted using a series of chemically synthesized glycans. We chose glycan-methotrexate (MTX) conjugates (CHO-MTX) (26, 27) as substrates ( Fig. 2) for several reasons. First, MTX exhibits specific absorption at 304 nm. This property enabled us to establish an HPLC-based system for the analysis of glycan processing reactions (5) . Second, M9-MTX was revealed to be a nonpeptidic small molecule substrate for UGGT, implying that MTX mimics unfolded proteins in some manner (e.g. surfaceexposed hydrophobic region) (28) . Finally, their MTX portion can bind tightly with dihydrofolate reductase (DHFR) to form glycan-attached proteins (CHO-MTX-DHFR) (26, 27) . Although the binding is tight enough to keep these complexes stable under physiological conditions, CHO-MTX can be released once treated with a high concentration (0.8 M) of NaCl. With these substrates, we defined the specificity of Glc'ase II for small tagged glycans (CHO-MTX, ϳ2 kDa) as well as for glycoprotein-like molecules (CHO-MTX-DHFR, ϳ45 kDa).
Our results show that the trimming of G2M9 by Glc'ase II proceeds in a stepwise fashion. In the presence of CRT, it was stopped (for G2M9-MTX) or retarded (for G2M9-MTX-DHFR) after the first cleavage of ␣1,3-linked Glc, because of the rapid binding of CRT with G1M9. This observation implies that glycoproteins are introduced to the CNX/CRT cycle as G1M9 forms. Our study also revealed that the reactivity of G1M8 was not as poor as previously believed, being nearly identical with or even greater than that of G1M9. Moreover, inhibitory experiments revealed that Glc'ase II recognized the C arm of high mannose-type glycans.
EXPERIMENTAL PROCEDURES
Synthetic Glycans-CHO-MTX and CHO-Pr were synthesized using a previously reported convergent approach (5, 27, 29 -31) . All of them were fully characterized by 1 H NMR and matrix-assisted laser desorption ionization time-of-flight mass spectroscopy.
Artificial Glycoproteins-Glycan-grafted GST-DHFR were prepared by simply mixing CHO-MTX with recombinant GST-DHFR as reported (27) . GST-DHFR was generated as described below. A 1087-bp BamHI-HindIII fragment, corresponding to the complete coding sequence of the Escherichia coli DHFR, of the plasmid pEU-DHFR (TOYOBO) was inserted into the E. coli expression plasmid pET-42a (Novagen) to generate pET-42-DHFR expressing GST-DHFR. GST-DHFR was expressed and purified from E. coli essentially according to the manufacturer's instructions. The protein concentration was estimated by measuring UV absorption at 280 nm (⑀ M ϭ 70,820, calculated as reported (32)).
Enzyme and Lectin-ER glucosidase II was purified from rat liver as reported (9) . SDS-PAGE of purified Glc'ase II is shown in the supplemental data (Fig. S1 ). The GST-CRT construct was a gift from Dr. Shunji Natori (RIKEN) and Dr. Shunji Natsuka (Osaka University). Expression and purification were performed as described (33) .
Glucosidase II Assay-Reaction mixtures contained, in a total volume of 100 l, 50 M of substrate, 0.56 milliunit of soluble rat liver Glc'ase II (0.19 milliunit/mg protein) (whose activity was measured using p-nitrophenyl-␣-D-glucopyranoside as a substrate (9), with one unit of enzymatic activity defined as the amount that releases 1 mol/min of p-nitrophenol at 37°C), 1 mM deoxymannojirimycin, 0.05% Triton X-100, 1 mM CaCl 2 , and 10 mM Hepes (pH 7.4). In some cases, the glucose trimming reactions were performed in the presence of CRT (25 to 75 M) or inhibitors (50 to 500 M). After 5-90 min at 37°C, 10 l of the mixture was removed by pipette and heated at 100°C for 1 min to stop the enzymatic reaction. The percentage of glucose trimming in each reaction was analyzed by HPLC (using a TSK-GEL Amide-80 (4.6 mm ϫ 25 cm) column with 3% AcOHEt 3 N (pH 7.3)/CH 3 CN mixed solvent (35:65 to 50:50, linear gradient for 50 min) at 40°C, 1 ml/min. The glycan-MTXs were detected by measuring absorption at 304 nm).
RESULTS

Cleavage of Two Glc Residues from G2 Form of Glycan Does
Not Proceed Continuously-As the first step in our study of the specificity of rat liver Glc'ase II (9), the Glc trimming reaction of G2M9-MTX was conducted, with monitoring by HPLC (Fig.  3A) . After 5 min at 37°C, G1M9-MTX (50% yield) and M9-MTX (4% yield) were observed with 54% of G2M9-MTX consumed. G2M9-MTX was barely detectable after 30 min of incubation, as the amount of M9-MTX product increased.
The time course of the reaction shown in Fig. 3C indicates that the first ␣1,3-linked Glc was removed much faster than the second. Although this phenomenon was not unexpected based on previous reports, such as an analysis of entire glycan structures in the ER (34), a kinetic study using pNP-glucose as a substrate (35) , and the NMR-based structural analysis (36) , a quantitative analysis using intact and homogeneous G2M9 glycan was achieved for the first time.
Next, we turned our focus on G1M9 glycan because it is a specific ligand of CNX/CRT. There are two possible pathways that lead to G1 glycoforms during the processing of Glc in the ER: 1) the removal of the first ␣1,3-linked Glc by Glc'ase II and 2) the reglucosylation of nonglucosylated glycan (e.g. M9) by UGGT. What is the timing of the association of the G1 form with CNX/CRT? Although it is generally accepted that CNX and CRT bind with the G1 form immediately after the removal of the first ␣1,3-linked Glc by Glc'ase II (3, 4) , there is no precise evidence to preclude the possibility of continuous trimming to the nonglucosylated form. In fact, in some organisms such as Trypanosomes, the processing of glycoprotein oligosaccharides starts from M9 (37) , and G1 glycans are solely provided by UGGT. In higher eukaryotes, it is possible that Glc'ase II continuously trims G2M9 to M9 without the CNX/CRT cycle deteriorating.
To address this issue, we investigated the effects of CRT on the reaction of Glc'ase II with G2M9-MTX. Glc'ase II-mediated trimming of G2M9-MTX was carried out in the presence of 25-75 M (50 -150 mol %) of recombinant human CRT. CRT dose-dependently inhibited the formation of M9-MTX; when 150 mol % CRT was added, the formation of M9 was completely suppressed, whereas the formation of G1M9-MTX was not affected significantly (Fig. 3, B and D-F) . On the other hand, adding bovine serum albumin instead of CRT caused no significant effect on the Glc trimmings (see supplemental To simulate the behavior of glycoproteins toward Glc'ase II, we next investigated G2M9-MTX-DHFR as a substrate (Fig. 2) . The artificial glycoprotein can be generated readily by mixing G2M9-MTX with recombinant GST-DHFR, by exploiting the tight binding between MTX and DHFR (26, 27, 38) . Although the rate of Glc trimming of G2M9-MTX-DHFR (Fig. 3G ) was slow compared with that of G2M9-MTX (Fig. 3C) , a similar profile as for G2M9-MTX was observed. The reduced reactivity may be ascribed to the bulkiness of G2M9-MTX-DHFR. In fact, Grinna and Robbins reported that glycolipid and glycopeptide are less reactive to Glc'ase II than free oligosaccharide (14) .
The reaction of G2M9-MTX-DHFR in the presence of 75 M (150 mol %) CRT was again associated with a retardation of the second cleavage (Fig. 3H) . However, in this case, dissimilar to G2M9-MTX, the formation of a completely deglucosylated M9-MTX-DHFR was still observed to a noticeable extent, implying that CRT did not bind with G1M9-MTX-DHFR as tightly as with G1M9-MTX. Interestingly, the first deglucosylation step was accelerated markedly in the presence of CRT.
According to these results, glycoproteins in the ER are likely to bind with CNX or CRT immediately after the G1M9 form is generated by Glc'ase II-mediated monodeglucosylation. Then a slow release of GlM9 from CNX/CRT occurs that accompanies the second deglucosylation by Glc'ase II to give M9.
Subsequently, the trimming of G2M7-MTX was examined (Fig. 3I) . Comparison with G2M9-MTX (Fig. 3C) clarified that the truncation of the 6Ј-oligomannose (from Man5 to Man3) branch caused a drastic reduction in the rate of cleavage of the Glc␣1-3Man linkage. On the other hand, the effect on the first cleavage of Glc was less marked. The reaction reached a plateau after the formation of ϳ50% G1M7-MTX, hinting that the accumulation of G1M7 caused inhibition of Glc'ase II activity. In fact, the addition of 75 M (150 mol %) CRT resulted in the smooth consumption of G2M7-MTX, presumably because CRT captured G1M7-MTX and alleviated its inhibitory activity (Fig. 3, I versus J) .
G1M8B but Not G1M8C Has a Similar Reaction Rate to G1M9-We next investigated the specificity of Glc'ase II for a series of G1 glycans (G1M9-MTX, G1M8B-MTX, G1M8C-MTX, and G1M7-MTX) (Fig. 4, A and C) . Grinna and Robbins have reported that the rate of Glc'ase II-mediated trim-ming was critically dependent on the number of Man residues present in the 6Ј-pentamannosyl branch, and the order of reactivity was G1M9 Ͼ G1M8 Ͼ G1M7 (14) . However, our results indicate that the reactivity does not necessarily depend on the number of mannoses. Although G1M7-MTX was less reactive than G1M9-MTX, the B-isomer and C-isomer of M8 differ substantially from each other in reactivity. Although the reaction rate of G1M8B-MTX was almost equal to that of G1M9-MTX, G1M8C-MTX was markedly less reactive; its reaction profile was nearly identical with that of G1M7-MTX. Their reactivities were digitized as initial velocity (% Glc trimming after 5 min of incubation) as shown in Fig. 4G . These results suggested that the activity of Glc'ase II depends on the presence of a terminal Man residue at the C arm rather than the number of Man residues. The Robbins' G1M8 substrate was likely to be a mixture of G1M8 isomers, because G1M8 was purified from an oligosaccharide mixture by size fraction chromatography (14) . By contrast, our study employed homogeneous substrates having a reducing end GlcNAc and enabled a precise estimation of the relative reactivity of G1M9, G1M8B, G1M8C, and G1M7.
We also examined G1 glycans attached to DHFR (G1M7-9-MTX-DHFR). The HPLC profiles and the time courses are shown in Fig. 4 (B and D) . Intriguingly, G1M8B was even more reactive than G1M9, when attached to DHFR. The initial reaction rates are listed in Fig. 4G . These results show that the relative reactivity of glycans toward Glc'ase II was affected by the attached protein. Although the origin of this phenomenon is not clear, our results indicate that G1M8B may be more susceptible to Glc'ase II than G1M9, when it is presented on proteins.
A kinetic analysis of the second cleavage was then carried out. The relationship between the substrate concentration and Glc trimming velocity was plotted (Fig. 4E) and then expanded into a Lineweaver-Burk plot (Fig. 4F) . K m , V max , and V max /K m values were all obtained from the approximate straight line (Fig.  4H) . These values again indicated the high reactivity of the G1M8B form.
Terminal Man Residue at C Arm May Be a Recognition Element of Glc'ase II for the Second Cleavage-
The analysis of the specificity of the second trimming step (Fig. 4C) suggested that Glc'ase II recognizes a terminal mannose at the C arm of substrate glycans, because the less reactive G1M8C and G1M7 lack Man␣1-2 at this locus. To test this notion, we investigated the trimming of G1M9-MTX (50 M) in the presence of nonglucosylated glycans, CHO-Pr (Fig. 5A) , as potential inhibitors at various concentrations (50, 100, 250, and 500 M), as depicted in Fig. 5B . In fact, the inhibitory activity of M8B-Pr was much stronger than that of M8C-Pr or M4-Pr, indicating the partici-FIGURE 4. Reaction of Glc'ase II with G1-type oligosaccharides. A, HPLC profiles of the Glc trimming of G1M9-MTX, G1M8B-MTX, G1M8C-MTX, and G1M7-MTX after 15 min of incubation at 37°C. B, HPLC profiles of the Glc trimming of G1M9-MTX-DHFR, G1M8B-MTX-DHFR, G1M8C-MTX-DHFR, and G1M7-MTX-DHFR after 15 min of incubation at 37°C. The peaks of chromatograms of B were identified as DHFR-released glycan-MTX after treatment under denaturing conditions (heating at 100°C for 1min). Conditions: TSK-GEL Amide-80 column (4.6 mm ϫ 25 cm), mobile phase CH 3 CN/3% AcOH-Et 3 N (pH 7.3), linear gradient from 65:35 to 50:50 in 50 min, flow rate 1.0 ml/min at 40°C. C, time course of the Glc trimming of G1M9-MTX, G1M8B-MTX, G1M8C-MTX, and G1M7-MTX. D, time course of the Glc trimming of G1M9-MTX-DHFR, G1M8B-MTX-DHFR, G1M8C-MTX-DHFR, and G1M7-MTX-DHFR. E, substrate concentration for the Glc trimming of G1M9-MTX, G1M8B-MTX, G1M8C-MTX, and G1M7-MTX. F, Lineweaver-Burk plot of G1M9-MTX, G1M8B-MTX, G1M8C-MTX, and G1M7-MTX. All of the enzyme assays were carried out in a 100-l mixture containing 50 M of substrate (for graph E; 50 -400 M), 0.56 milliunit of Glc'ase II, 1 mM deoxymannojirimycin, 0.05% Triton X-100, 1 mM CaCl 2 , and 10 mM Hepes (pH 7.4) at 37°C. After the reactions were stopped by heating at 100°C for 1 min, the mixtures were analyzed by HPLC under the conditions described above. G, initial velocity of G1M9-MTX/G1M9-MTX-DHFR, G1M8B-MTX/G1M8B-MTX-DHFR, G1M8C-MTX/G1M8C-MTX-DHFR, and G1M7-MTX/G1M7-MTX-DHFR. H, K m , V max , and relative V max /K m values of G1M9-MTX, G1M8B-MTX, G1M8C-MTX, and G1M7-MTX.
pation of the C arm in the recognition. That M9-Pr, which has a full set of mannosyl branches, was less potent than M8B-Pr or M7-Pr suggests that the terminal Man of B arm has a negative effect on Glc'ase II. Although greater susceptibility of G1M7-MTX would be expected from the inhibitory activity of M7-Pr, the rate of trimming of G1M7-MTX was only half that of G1M9-MTX (Fig. 4, C, G, and H) . This may suggest the importance of the relative orientation and/or the distance between the cleavage site (Glc␣1-3Man) and the lectin recognition site (Man␣1-2 (6)Man of C arm) for the Glc'ase II reaction.
DISCUSSION
In the present study, a quantitative analysis of Glc'ase II was carried out using chemically synthesized substrates, CHO-MTX and CHO-MTX-DHFR. It showed that the trimming of G2M9 proceeded stepwise and the first cleavage of Glc occurred more rapidly than the second. These results support the well accepted notion that newly generated glycoproteins initially enter into the CNX/CRT cycle in their G1M9 forms.
In the presence of CRT, G1M9 glycan produced from G2M9 was trapped by CRT, retarding the removal of the second Glc. If CNX/CRT bind G1M9 glycoprotein tightly and hinder the action of Glc'ase II, how then can it be released from CNX/ CRT? Assuming that the level of free and CNX/CRT-associated G1M9 are in equilibrium, if Glc'ase II trims a minor amount of free G1M9, the amount of M9 will continuously increase. However, the presence of CRT severely inhibited the formation of M9 as shown in Fig. 3F . This seemed to cause a stagnation of glycoprotein processing and secretion. The experiments summarized in Fig. 3H seem to provide a clue to solve this dilemma. When the Glc'ase II reaction was conducted with glycoproteinlike substrate G2M9-MTX-DHFR in the presence of excess CRT, M9-MTX-DHFR was generated much faster than M9-MTX (Fig. 3, F versus H) . This indicates that G1M9-MTX was bound to CRT more tightly than G1M9-MTX-DHFR. In light of the tight binding between CHO-MTX and DHFR, the protein portion of G1M9-MTX-DHFR is considered to have a fully folded conformation, and the glycan-grafted DHFR can be seen as a model of a mature glycoprotein. On the other hand, CHO-MTX (CHO ϭ M9, M8, M7) have been found to be good substrates for UGGT in vitro (28) . UGGT is known to accept only unfolded glycoproteins as substrates. In this respect, CHO-MTX (e.g. G1M9-MTX) can be considered as a model of incompletely folded glycoproteins. Because CRT has an intrinsic chaperone activity (39) , it is likely that it binds with CHO-MTX-DHFR less tightly than with CHO-MTX.
Contrary to a previous report, G1M8B glycan was highly reactive to Glc'ase II. It was found to be even more reactive than G1M9, when glycoprotein-like substrates were compared (G1M8B-MTX-DHFR versus G1M9-MTX-DHFR). Glc'ase II may recognize the terminal mannose at the C arm of high mannose-type glycans. These results seem reasonable in terms of the role of M8B glycans in glycoprotein quality control. Namely, M8B is considered to be the ligand of EDEM (19, 20) , Htm1p/Mnl1p (21, 22) , and Yos9 (23, 24, 25) , which accelerate the ER-associated degradation pathway. ER mannosidase I digests M9 to give M8B. If M8B is a degradation signal, it would make sense if G1M8B (generated either by demannosylation of G1M9 by mannosidase I or by glucosylation of M8B by UGGT) is deglucosylated to M8B rapidly. The occupancy of CNX/CRT by G1M8B will hinder the folding of newly generated glycoproteins, whose folding may be promoted in the CNX/CRT cycle. Hence, the high reactivity of G1M8B would assist the generation of M8B to accelerate ER-associated degradation, with minimal obstruction of the productive involvement of other glycoforms in the CNX/CRT cycle. With 100 mol % CRT, the initial reaction rate of G1M8B-MTX was 1.6 times that of G1M9-MTX (data not shown). That the binding constant for CRT with G1M8B was half that with G1M9 (5) also supports this notion. G1M8B may be trimmed more rapidly by Glc'ase II than G1M9 in vivo, generating M8B smoothly to accelerate ER-associated degradation.
Intriguingly, it was reported that multiple glycans are needed for efficient Glc trimming (cleavage 1) by mammalian Glc'ase II (12) . However, our results indicate that using synthetic substrate, containing only one glycan, is trimmed efficiently. Recent reports have shown that singly glycosylated substrate can be deglucosylated by Glc'ase II derived from yeast ER (13) . At this moment, the reason of these discrepancies is not clear. It would be interesting to compare the reactivity of CHO-MTX-DHFR with doubly glycosylated DHFR (27) . Experiments along this line are underway.
Inhibition experiments with a series of nonglucosylated glycans (Fig. 5) are suggestive with regard to the sugar binding specificity of Glc'ase II. The binding of a Man residue at the 6Ј-pentamannosyl branch in high mannose-type glycans has been suggested to be important for the activation of Glc'ase II (cleavage 2) based on substrate specificity (14) and experiments using a ␤-subunit-disrupted strain (13) . In the present study, Glc'ase II was revealed to recognize a terminal mannose residue at the C arm of high mannose-type glycans, suggesting that Glc'ase II is able to distinguish the subtle difference of high mannose-type glycans. The specificity of the lectin activity of Glc'ase II will be revealed in detail by further analysis of the interaction with a wide range of high mannose-type glycans.
